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Design of Forebay and Micropool
for Highway Stormwater Detention Basins

RESEARCH STATEMENT

A storage facility is portrayed by ittagestorageoutflow curve Design ofa detention
basininvolves avolumebased approacto constructhe stagestorage curveand another
flow-basedapproachto definethe stageoutflow curve The former requires thiaformation
of basin geometry, while the lattewvolves the details dbrebay, micropool, ahoutlet
structureThere are two populatolumebasednethodsecommendetb quantify the
required detention volume, including tater quality capture volume (WQCV) approdch
intercept frequent runoff event@ndexcess urban runoff volume (EUR¥tlod to reduce
postdevelopment peak flow8oth empirical formulas for WQCV and EURV were derived
from the assumption that the basirc@npletelyemptybeforereceiving the next event. In
fact, the operation of a basin is always dependent on the remaiaiagdepth from the
previous eventDuring a rainy season, the accumulation of continuousrusiaff volumes
into the basin can lead #ofalse alarm of extreme ever&econdly, designs of forebay and
micropoolshould be related to the gradation distributidisolid particles in stormwater.
Empirical recommendatiomsaylead to oversized micropoahdundersized forebagr vice
versa Therebre, in this study, it is proposed investigate(1) how to design fi@bay and
micropool based on the esite sediment characteristicand (2)how to add a freeboard @
basinaccording tothe risk of residual water depthror this project,ite Urban Drainage and
Flood Control Districis responsible tanonitorthe exteded detention basin located at S
Knox Court and State Highway 28bhecollecieddataare usedo verify the newmethods
developed in this studyindings from this study provide significant improventsto

current design methods.

Key WordsWater Quality Capture Volume, Excess Urban Runoff Volume, Micrqpemkbay,
Drain Time, Detention, Residual Water Depth.



1. INTRODUCTION

Due to theClean Water Actlocal governmentm the USrequire urban stormwater runoff to be
treated in order to improve water qualitythe downstream receiving wataodies. In
conjunction with water quality treatment, current desigteriaalsorequire the attenuation of
peakflows under the postievebpment condition Asmore areas are urbanizeubllutant loads
in stormwateiareincreasd. Without mitigation, these pollutants wouldgatively impact
waterway ecology andildlife habitatwhentraveling downstreamnto the receiving waters
The concepof Stormwater Quality Capture Volunf@/QCV) was developed to define the
required storwatervolume to be treated foeducingtotal suspended solids (TSS) andtal
pollutants prior to being released downstrdaltbonas et al. in 1989, Guo and UrbonaSa)9
Based orfield observationperformedn theEPA Reportsn 1983 and 1986an average
extended detention time & hours provides removal rate d0-90%to reduce the annual TSS

load generatedrom the tributary watershg@riscoll et al.1989).

In the last decadéhe concept oExcess Urban Runoff VolurflEURV) expressed in
inch/catchmenivas alsaleveloped andecommendeds a new design standard intended to
replace thextended detentiobasin (EDB)standardn the metro Denver ard&DFCD 2Q11).

A EURV represents the esite increased runoff volume directly due to the increase of
impervious surface aremithin thetributary catchment.A full spectrum detention basin (FSDB)
is constructed witlits WQCYV as the bottom laydor water quality enhancemeup tothe 6-
month eventand EURYV as the upper layfer peak flow redug¢bn up to the 16yr event
Detention bains areoften equipped with forebayto trap particle€l to 2mm in diameter, and
amicropoolto sustain contiuous flow releasl by invertedSiphoneffects in case of outlet
clogging.In current practice, botADBsandFSDBsaredesigned unddahe assumption that all
runoff eventscoming irto the basirare independerdf previous storm event fact, the
operationof a basins certainlydepenénton the residual water depth from the previstesm
evens. Duringarainy seasorthe accumulation afunoff volumes froma series of storm events
may fill up thebasinas if the majostormoccurred Accordingto the drainage maau(UDFCD
2011), adrain timeof 40 hours is recommendé&ar WQCV, andless thar¥2 hours for EURV
(per Colorado Revised Statute-82-602(8), 97% of thefyear storm must drain in 72 hours or
less) In practice, lhe longer the drain time is, the highlee overflow risk isTherefore,tis a



challengeas to how taeduce the risk of residual water depthsiejecing a propeifreeboardor

a basin

The goat of this reportare twofold: (1)}o develop consistemqirocedureso size forebay and
micropool, and (2) talevelop a riskbased guidance ®valuate the residualater depth in a

basin

1.1Basic Conceptof WatershedDepression Storage

A rural watershed is characterized with its hydrologic losses including interception, infiltration
and depression losses. In comparison, interception losses due to bushes and trees are negligible in
an urban area. Depression loss depends on the storageevassociated with the depressed area.
Infiltration loss depends on the type of soils; and it occurs to the overland flows as soon as the
rainfall excess exceeds the depression losses. Developments of an urban area result in more
pavements, impervious gaces, and fills of depressed areas. As illustrated in Figure 1.1, an urban
drainage system often includes the underground storm sewers sized to carry the minor event, and
the street gutter designed to deliver the major event. Such a dtadider flow syeem is to mimic

the natural waterway that consistsaddw-flow main channel and overbank floodplains.

rl\Depression 2 1
Area
2 3 LID
N. ®

River

Sewer

Detention Basin

@ Flow @ Flow

Bank Sidewalk Gutter
Floodplain ClL—~
Low flow Channel Sewer Line
Natural Drainage Street Drainage

Figure 1.1 Comparison between Natural and Street Drainage Networks



In an urban catchment, the source of storm runoff is the impervious areas. Before the overland
flows become concentrated, tinereased runoff volume per unit ar@&-problem) is the cause of

water quality problems. After the overland flows are collecte#d street gutters, sewers, and
channels, thencreased runoff floWyQ-problem) is the cause of flooding problems.

Conventional stormwatenanagemertias focused on how to reduce peak flows using stormwater
detention, while the latest development isrtiegrate the lowmpact designs into the stormwater
managemernb enhance both stormwater quality and quantity contPolew-impact designs to

apply a filtering process to better stormwater quality and an infiltration process to reduce
stormwater volura. Since the lowmpact designs are aimed at the runoff source control, therefore
they are only applicable to a small tributary area. The latest developments-ongdaet designs
include infiltration beds, rain gardens, {swales, and porous pavements.ghown in Figure 1.2,
stormwater lowimpact designs are classified into: bnveyance typguch as porous pavements
using infiltration bed, and (2¥torage typesuch as rain garden using an infiltration basin.
Obviously, the effectiveness of a lampad design depends drow to intercepthe surface runoff
volume. To differentiate from the stormwater detention storage volume (WDSV) for extreme
events, the intercepted stormwater volume forlmpact designs is termed water quality capture
volume (WQCV).A WQCYV shall be in the same magnituflee., 0.5 to 3 times}he natural
depression volume that wabliteratedduring the urbanization process.

Conveyance Type Porous Pavement Storage Typé Rain Garden

Figure 1.2 Conveyance and Storage Lowmpact Designs
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Over 30 years of learning, in the year 20th@, effort ofstormwater BstManagemenPractices
(BMP) has concludedhat thelow-impactdevelopmenfLID) concept is the best approach to

integrate both flood mitigation and water quality enhancement together.

2. WATER QUALITY CAPATURE VOLUME

2.1Rainfall and Runoff Distributions

The conventional criteria developéat the purpose of floodhitigation arenat suitable forsizing
stormwater qualitypasinslt is because the goal of stormwater quabagin (WQB) is to capture
frequent runoff events, not the extrerReequent rainfall events have to dedimitedfrom a
continuous recordy a ugr-definedminimum interevent time Guo and Urbonas 1996uch a
minimum interevent timeof no rainis termedevent separation timés illustrated in Figure 2.1,
the corinuous record is divided into&rents using an event separation time of six hé\tsr
individual eversg areidentified, theevent rainfall deptlanddurationcan be further calculated

for statistical analyses.

Interevent time 6-hr
4-hr 6-hr 9-hr 2-hr
< > < > < > <>
< > < > < > Timein h
Event 1 Event 2 Event 3

Figure 2.1Event Separation by Inter-event Time.

In practice, tle event separation timghould beselected based on theatershedcharacteristics
such as sedimemneésident i me or b as The 986 E®A studyrepdrtednieat. ab80t

to 90 percent solids were removed if a-A@ur drain time is applied to a webond or a 2our

drain time is applied to a dry pontherefore, it is recommended that the event separation time be
the drain time of a basifter a continuous rainfall record is divided into individual events, Figure
2.2is thedistributionof rainfal depths observed at the City of Denver, Colorado. Although a two

year storm event is often considered a seadintfor flood control projects, a-gr event, in fact,
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has a rainfall depth greater th@b percent of the rainfall population. Figu&3 shows the
distribution ofrainfall depth by storm numbers observed over a period of 30 years in the City of
San Diego, California. It shows th@7 percent of the events having a depth less than the local
two-year rainfall depth. Ahough the skewness eWentrainfall depth distribution varies with

meteorological region, it is generally true that the number of smaller rainfall events dominate the
rainfall population.
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Figure 2.2 Rainfall Depth Distribution at Denver, Colorado
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Figure 2.3 Rainfall Depth Distribution at San Diego, California
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Not every raindrop cafpin surface runoffunless the event rainfall depth is greater than the
interception lossThe runoffproducing rainfalldepth is the difference between the recorded

rainfall degh and the interception loss as:

d, =D, - I, inwhich d=runoff-producingrainfall depthin [L] for thei-th event, D=recorded
rainfall depthin [L] at rain gageandls= interception losg [L] such as 0.05 to 0.1 inctiepending
on ground slope and impervious covéfaving the continuous rainfall record divided into
individual storms, the statistics for eveatdpth, duration, and int&vent time can further be

calculated as:

1 =N
" N a1 | (2.2)
1
1 &N 2P
S = a (d; - D)7y (2.3)
(N-DEZ ¥
1 a:N o
Cs= A (d; - D,)°y (2.4)
SAN(N - (N - 2) ES i
1 =N
Tlm :Nia:.lTli

(2.5)

in whichDm = average event rainfall depti = total number of events in the reco®d,= standard
deviation,Cs= skewness coefficient,; = time interval to the next event, aid» = average inter

event time. The above approach was employed to analyze the continuous rainfall records observed
in eight metropolitan areas (Guo and Urbonas in 1996). Approximb@pto 1,500individual

events were identified from each continuous rainfall record using anentmt separation time of

6, 12, or 24 hours. The rainfall statistics in inches and averageewv#at time in hours are
summarized in Tabl2.1. As indicated in Tabl2.1, the averagater-event time i9 to 57times

the event separation time. The distributions of rainfall depth are skewed in all cities used in Table
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2.1. Figure2.4 presents theainfall event depth for the continent of the d&ived from the study

using a éhour eent separation time artdlinch as the interception loss (Driscoll et al in 1989).

Table 2.1 Rainfall Statistics Using 6, 12-, and 24-hr Event Separation Times
City 6-hr 12- 24-
Dm SD Cs Tlm Dm SD Cs Tlm Dm SD Cs Tlm

Inch | inch Hour | Inch| inch hour | inch | inch Hour
Seattle, WA | 0.48|0.49| 2.75| 53.5|0.60| 0.64 |2.67| 72.7 | 0.78| 0.90| 3.06| 98.1
Sacramento, | 0.61| 0.62| 2.96| 166.7| 0.72| 0.76 | 3.50| 208.8| 0.82| 0.92| 3.44|251.6
Phoenix, AZ | 0.42| 0.36| 2.59| 261.3| 0.45| 0.40|2.41|300.1| 0.48| 0.44| 2.57|341.8
Denver, CO | 0.44|0.48| 3.59| 106.4| 0.46| 0.51|3.47/121.4/0.51| 0.56| 3.30|144.2
Cincinnati, 0.58| 0.55| 3.03| 65.2 |0.66| 0.64(2.76| 81.1|0.73| 0.71| 2.51| 97.8
Tampa, 0.66|0.78|4.40| 71.4 |10.71| 0.83|4.46| 79.6 | 1.01| 1.10| 2.89|114.7
Boston, Ma | 0.70| 0.79]| 4.98| 70.7 |0.73| 0.814.60| 82.1 | 0.78| 0.84| 4.28| 94.8

Figure 2.4 AverageRainfall Event Depth in Inchesfor the Continent of the US
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2.2 Regression Model for WQCV
Based on the lonterm data bases collectedsstattle WA, Sacramento CA, Cincinnati OH, Boston

MA, Phoenix AZ, Denver CO, and Tampa Fie regression formula was derived using the best
fitted approach a&uo and Urbonas 1996)

O

2.6

C=0.858_°- 0.780,° +0.774_ +0.04
(2.7

in which D= WQCV in inch per watershed areanB average rainfall event depth in inch€s;

runoff coefficient, la = watershedmpervious ratio, andh and b = coefficients derived from
regression analysis and listed in TaBl2 The values for variable, b, are numerically negligible

for practice or B0 is acceptable. For the seven metropolitan cities, the regression equations show

excellent correlation coefficients’, ranging from0.80to 0.97, depending on drain time.

Table 2.2 Coefficients for Determining Empirical WQCV

Drain Time Volume Ratio
A b r-square

12-hr 1.36 | -0.034 0.80

24-hr 1.62 | -0.027 0.93

48-hr 1.98 | -0.021 0.84

TheWQCV defined by EqR.6 would provide aunoff capture volume capture rate betweerd78
and85.0percent UDFCD 2011).

2.3 Exponential Distribution for WQCV

As aforementioned, the WQCYV is in the same magniasdlee natural depression loss. With the
averageainfall eventdepth in Figure.4, theprobabilistic density functiorRDHF for therainfall
depth distribution islescribed agGuo and Urbonas 2002)

15



f(d) =Die'5m 2.8)

m

in which d= a randonrainfall depthin inch or mm, and D, = average rainfakbventdepthin inch
or mmin Figure2.4. Considering hydrologic losses and incipient depth, the storage volume of

WQB is treated aarunoff depthper watersheds:

D, =WQCV (2.9)

d=D,- I, (2.10)

in whichDo, = WQCYV as runoffdepth inmm or inch pemwatershedC = runoff coefficient, ands
= incipient runoff depth such d@s1 inch. Substituting E@ 2.8 and2.9 into Eq 2.8, the runoff

capture percentageintegratedas:

Do

C,=P(0¢d ¢D,)=1- k&> (2.12)

_|S

k=e"r

(2.12

in which C, = runoff capture percentagen d P (o)&ptotbadility function Any eventthat
produce a runoff volume more thabD, will overload the basin. Therefore, the overflow risk is

calculated as:
- Do
R =1- C, =k€
(2.13

The plot ofC, versusD, using Eg2.13is termedRunoff Capture Curvd-igure2.5 presents a set

16



of generalized runoff capture curves produced usin@.Egfor runoff coefficients 0.2, 0.4,

0.6, 0.8and1.0. It is noticed that the curvature of runoff capture curve increases when the runoff
coefficient decreases. The runoff capttueve becomes almost a linear response between rainfall
and runoff amount whe@ = 1.0. This tendency reflects the fact that the higher the imperviousness
in a catchment, the less the surface detention. As a result, the respenbglofiy urbanized

catchment to rainfall is quick and direct.

Runoff Capture Curve BY Exponential Fct
x—

=]
£ 080 x/
o el
[+}]
t
2 060
[= 3
[y}
O
£ 0.40
(=)
c
=

0.20

2 —--C=0.4 -0-C=0.6 -A-C=0.8 -X-C=1.0
0.00
0.00 1.00 2.00 3.00
Do/Dm (Basin Vol/Avg Rainfall Depth)

Figure 2.5Normalized Runoff Capture Curves

Bot h 2Band2s13 are derived based on the assumption that the basin is always emptied out
before thenext eventin casethatthe basin isoperatedhrough a rainy seasorrefjuent small
events will continually fill up the basin. As a result, the residual water depth from the previous
event is a serious concern in the operation of a detention basin. Whasithes lovertopped with

a serienf smallevents, a false alarm of tleegtremeevent is triggeredndthe sediment removal
function is impairedIn this study, an investigation of residual water depth is further conducted at

the selected site for stormwater detention operations.

2.4 Field Investpgation

17



The extended detention basin located at the intersection of South Knox Court and US Highway
285, designateds EDB502L, was designed and constructed in the year of 2011 as part of the
US285 Reconstruction Project performed by the Colorado Departh&rdansportation (CDOT)
(Harris, Kocher & Smith, 2011). This was a mydhase project imdving major improvements to

US Highway285 from Federal Boulevard to Kipling Street. The portion of the project which
includes the EDB502L is designated as Arédadhtenance Yard Outfall and is located in portions

of Sections 31 and 32, T. 4 S., R. 68 W. and Section 5, T.5 S., R. 68 W., in Arapahoe County. The

site location is shown in Figus@.6 and 27.
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s
0 LT A )

% (L

{1115

‘I‘"E

Figure 2.6 Site Location for Sample Extended Detention Basin (EDB 520L)
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EDB 502L
(Included in WQ-407)

Figure 2.7 Tributary Sub -catchments toWQB in EDB 502L

EDB 502L was designed to comply with the water quality requirements of CDOTs Municipal
Separate Storm Sewer Systems (MS4) permit, wiiahdates a permanent BMP treatment of
runoff from all new and disturbed pavement. Because thdigt8vay285 Reconstruction Project
involved disturbing and laying miles of new pavement this extended detention basin and several
others similar in nature were designed to catch and treat runoff from these areas for water quality
storms. As summarized in Tabl@2the tributary area during a water quality storm event to EDB
502L is limited to OA01, WQ404, ad WQ-407 or a total of 4.90 acresice the smaller storms

are carried offsite in the storm drain systé@rhe oftsite tributary area upstream of EDB 502L
includes subcatchments, O3, OS2, and OS6 as shown in Figure 2.8
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Figure 2.8 Off-site Sub-catchmentsTributary into EDB 502L
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